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Abstract

The kinetics of phase separation and crystallization in the blends of poly(ethylene-ran-hexene) (PEH) and poly(ethylene-ran-octene)
(PEOC) at several compositions were studied using phase contrast optical microscopy and time-resolved simultaneous small-angle X-ray
scattering and wide-angle X-ray diffraction. The phase contrast optical microscopy showed the interconnected bicontinuous structure during
phase separation process, which is characteristic of a spinodal decomposition. During isothermal crystallization, the average lamellar spacing
increases with time for blends at all concentrations. The crystallinity and crystal growth rate depend on the PEH concentration. At dilute PEH
concentrations, crystallization of PEH chains is difficult because they are surrounded by many non-crystallizable PEOC chains. On the other
hand, at higher PEH concentrations, crystallization processes are similar to pure PEH. For example, the spherulitic growth rates are similar

for a PEH/PEOC = 50/50 blend and pure PEH.
Published by Elsevier Ltd.
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1. Introduction

In the plastic industry, olefin polymers are the most
widely used materials. Blending with other polymers, such
as elastomers and crystalline polymers, is a very easy and
effective way to improve their mechanical and thermal
properties. To understand the fundamental physics of
blending these polymers is a very significance for control
of specific compounding and manufacturing processes. In
the case of linear low-density polyethylene blends, the
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mixtures can undergo both liquid—liquid phase separation
(LLPS) and crystallization. These processes affect greatly
the blend morphology and properties of the final products.
Much attention has been directed toward determining and
understanding correlation between LLPS and crystallization
of several kinds of polyolefin blends with various
microstructures [1—-3]. Recent development in constrained
geometry metallocene catalyst technology allows pro-
duction of copolymers of a-olefins with both narrow
molecular mass distribution and homogeneous comonomer
distribution. These features make the new copolymers
excellent for fundamental studies of structure property
relationships of ethylene copolymers blended with other
semicrystalline polymers.

Our group has paid much attention to the blends of
poly(ethylene-ran-hexene) (PEH) and poly(ethylene-ran-
butene) (PEB) [4—8] using differential scanning calorimetry
(DSCQ), light scattering (LS) and optical microscopy (OM)
methods. The PEH/PEB blends exhibit an upper critical
solution temperature (UCST) at T.; = 146 °C and ¢ =
0.44 in the melt [4,5,8]. In the two-phase region above T},
the corresponding morphology is bicontinuous and inter-
connected tubes, which are characteristic of the late stage of
spinodal decomposition. By comparing of the rates between
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LLPS and crystallization, we argued that the kinetic
crossover from LLPS dominant to crystallization dominant
is inevitable in a blend for which the critical temperature of
the LLPS is well above the melting temperature of the
blend.

In this study, we focus on the kinetics of LLPS and
crystallization in the blend of PEH and poly(ethylene-ran-
octene) (PEOC). The PEOC in particular has been shown to
provide a higher toughening contribution than either
poly(ethylene-ran-propylene) or PEB [9]. In recent years,
many reports have been published about rheological
property and crystalline morphology of PEOC [9-15], the
properties of the blends of PEOC with high-density
polyethylene [16], with isotactic polypropylene [17] and
with polypropylene/ethylene-propylene rubber [16]. We
carried out time-resolved simultaneous small-angle X-ray
scattering (SAXS) and wide-angle X-ray diffraction
(WAXD) and OM measurements at several temperatures.
We discuss about PEH concentration dependence of LLPS
and crystallization (especially nucleation) processes based
on the dynamics of spinodal decomposition and Avrami
nucleation kinetics.

2. Experimental

The statistical copolymers of PEH and PEOC were
synthesized by the metallocene-catalysis. The PEH with
weight-average molecular masses (M,,) of 112,000 and
molecular polydispersity, M,,/M, ~ 2, where M, is number-
average molecular masses, was supplied by ExxonMobil
and PEOC with M, of 153,000, M/M, ~ 2, supplied by
Dow Chemical [18]. The side chain densities of PEH and
PEOC are 1:57 and 1:15 backbone carbons of hexene and
octene, respectively [12]. The melting temperatures of PEH
and PEOC were 120 and 50 °C, respectively, and were
defined as endothermic peak temperatures at a heating rate
of 10 °C/min using DSC. PEH is the only crystallizable
component of this system above 60 °C. The blends of PEH
and PEOC, which have the PEH mass fraction of 100%
(PEH), 70% (H-70), 50% (H-50) and 30% (H-30), were
prepared with the co-precipitation method. The blends were
first dissolved in a hot xylene solution at 120 °C, and then
the solution was cooled to 100 °C and kept for 24 h. The
solution was then poured into methanol to precipitate the
blends. After filtering, the obtained blends were washed
with clean methanol and dried in a vacuum oven for 72 h
before use. The mixtures were hot-pressed at (200 = 2) °C
to form films of 20 pm (for OM) or 1 mm (for SAXS and
WAXD) and then quenched to room temperature.

The DSC measurements were carried out following the
standard practice. Samples of 6—10mg by mass were
placed in sample pans and then into a Perkin—Elmer DSC 7
system under a helium atmosphere to prevent oxidation or
degradation. The samples were heated from room tempera-
ture to 200 °C with heating rate of 10 °C/min. The effect of

thermal conductivity is minimal. The melting temperature,
T., were defined as the endothermic peak temperature at
this heating rate, because the peak value is a better
representation of the thermodynamic value and less
susceptible to both the instrument resolution and kinetic
issues. The OM measurements were carried out using a
Leitz Wetzlar optical microscope with a Sony CCD camera
(XC-77). A hot stage was used to control the sample
temperature. The samples were melted at (200 * 1.0) °C for
10 min and then quenched to the annealing temperatures
between (130 = 0.5) and (180 = 0.5) °C for measurements.
Time-resolved simultaneous SAXS/WAXD measurements
were performed at Advanced Polymers Beamline (X27C) in
the National Synchrotron Light Source (NSLS), Brookha-
ven National Laboratory (BNL). The storage ring was
operated at an energy level of 2.8 GeV with a ring current
250 mA. The wavelength of X-ray beam was 1.366 A witha
beam size about 0.3—-0.4 mm in diameter at the sample
position. Synchrotron X-ray was collimated with three 2°
tapered tantalum pinhole collimators. The SAXS/WAXD
profiles were collected by position sensitive detectors (from
European Molecular Biological Laboratory) with sample to
detector distance of 1925 mm for SAXS and 110 mm for
WAXD, respectively. Isothermal crystallization measure-
ments were carried out with dual-chamber temperature
apparatus described by Hsiao et al. [19,20]. The sample was
melted at 200 °C for 10 min and quenched to 113.8 °C and
time-resolved SAXS/WAXD measurement was performed
during the isothermal crystallization process with a data
acquisition time of 30 s per scan.

3. Results and discussion

Fig. 1 shows phase contrast optical micrographs of the H-
50 sample melted at 200 °C for 10 min and isothermally
annealed at 150 °C for (a) 0, (b) 102, (c) 153, (d) 253, (e)
353 and (f) 753 min. The scale bar in Fig. 1(a) is 40 pm and
is the same for all pictures. Phase separation in the originally
homogenous sample in Fig. 1(a) can be observed after
annealing for 100 min at 150 °C. This annealing condition is
above the equilibrium melting temperature, 7,,,° ~ 142 °C
[21,22]. After 102 min, the bicontinuous structure grows in
Fig. 1(b) and characteristic length increases with annealing
time in Fig. 1(c)—(f). This bicontinuous structure signifies
the typical spinodal decomposition of LLPS.

For a semi-quantitative determination of the phase
boundary, PEH/PEOC blend samples of different compo-
sition were annealed for a constant time (24 h) on the hot
stage with phase contrast microscopy. Fig. 2 represents the
observed results, with squares denoting homogeneous
single-phase melts and triangles denoting two-phase melts.
For PEH/PEOC blends, the UCST is about 171 °C, because
the H-50 sample after annealed at 172 °C is homogeneous,
while that at 170 °C exhibits phase separation. The phase
boundary curve in Fig. 2 has some uncertainty mainly from
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Fig. 1. Phase contrast optical micrographs of the H-50 blend annealing at 150 °C for (a) 0, (b) 102, (c) 153, (d) 253, (e) 353 and (f) 753 min. The scale bar in (a)
is 40 wm and is the same for all.
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the temperature controller (= 0.5 °C). It is natural that the
phase diagram determined by this method could depend on
the annealing time due to the detection limit of our phase
contrast microscope. On increasing with the annealing time,
the phase boundary curve could increase slightly with
temperature.

Fig. 3 shows the spherulitic growth rates of H-50, H-100
and PEH/PEB = 50:50 blend varied with quenching depth,
6T =T,° — T., T. being the isothermal crystallization
temperature. These isothermal crystallization temperatures
are just below the melting temperature of these polyethylene
blends about 120 °C from the DSC measurement of each
sample. The spherulite growth rate of H-50 is the same as
that of H-100 as shown in Fig. 3. On the other hand, under
small undercooling, the PEH/PEB blend with the same
composition (PEH/PEB = 50:50), crystallized much slower
than that in the PEH at elevated temperatures. By
controlling the quenching condition of PEH/PEB blends,
the growth kinetics of simultaneous ordering processes
shows a crossover from crystallization dominated to phase
separation dominated behavior [5—8]. In this study, we
approximated the growth rate of liquid phases, /, when the
viscosity of two components are similar and the temperature
range of interest is small and well above the glass transition

temperature (7, ~ — 40 °C), as below;
l/ o Tcri/T - Tcri'

The detail derivation of this equation was described in
our previous paper [5]. In the shallow quenching, the rate of
spherulitic growth is slower than that of phase separation
and the LLPS dominates. Crystals can grow fast by taking in
the short polyethylene segments and through the phase
separation medium while expelling the non-crystallizable
chains, resulting in a spherulitic growth dominated mor-
phology. However, in the deeper quenching, the rate of
crystallization is much faster than that of phase separation
and then more PEH chain segments become non-crystal-
lizable. Annealing at 143 °C, the phase separation rate is
about 0.02 pm/min from the phase contrast microscopy. We
can estimate that the phase separation rate is 0.03—0.04 pm/
min within 120—-110°C. The phase separation rate is
smaller than the spherulite growth rate from Fig. 3. As a
result, on crystallization of PEH/PEOC blends, the corre-
lation between spherulite growth and LLPS processes are
very similar to the deeper quenching of PEH/PEB blends.

Fig. 4(a) shows the typical time-resolved Lorentz-
corrected SAXS intensity profiles (Ig*) versus scattering
vector g (= 4 sin 6/A, 26 and A being the scattering angle
and the wavelength of X-ray, respectively) for H-70 during
isothermal crystallization at 113.8 °C. Fig. 4(b) shows the
corresponding WAXD intensity profiles. The initial SAXS
profiles show a completely disordered structure in the
undercooled melt. The scattered intensity profile exhibits a
small maximum at about g = 0.02 A~! for 10 min, which
subsequently increases until reaching a plateau value. The
initial isothermal WAXD profiles show only one amorphous
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Fig. 4. (a) The time-resolved Lorentz-corrected SAXS intensity profiles and
(b) WAXD intensity profiles of H-70, developed during isothermal
crystallization at 113.8 °C.

peak. The evolution of an orthorhombic unit cell structure of
PEH crystal can be followed through the development of the
corresponding (110) and (200) reflections marked in Fig.
4(b). The intensities of the crystal reflections (110) and
(200) increase notably during early stage of crystallization
and remain almost constant during the late stages of
crystallization.

From the time-resolved SAXS profiles, the long period, L
(= 27/gnax, according to the Bragg law, and g, is the ¢
value at the SAXS peak position) and the invariant, g
(= Q) can be obtained. Fig. 5(a) and (b) indicate time
evolution of the long period L and the invariant Q for each
sample, respectively. The long period increases with the
isothermal crystallization time. For pure PEH and PEH/PEB
blends samples [7,8], one could find such phenomena
especially in crystallization condition just below 7,,. Some
researchers found such long period increasing of ultra high
density polyethylene [23], LLDPE [7,8] and pure PEOC
[15] by lamellar thickening which is related to surface
melting and re-crystallization processes of isothermal
crystallization just below T,,. Polymer meta-stable crystals
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Fig. 5. (a) The long period, L, and (b) the invariant, Q, of lamella crystal
versus isothermal crystallization time for H-100 (OJ), H-70 (@), H-50 (A)
and H-30 (H).

have some defects especially during the early stage of
crystallization. The meta-stable crystal could melt and re-
crystallize involving complete refolding of polymer chains
to eliminate defects because the segments are having
enough mobility at higher isotherm temperatures to carry
out this rearrangement. In this case, the lamellar long period
is almost independent of PEOC concentration within error
bars. Normally, the non-crystallizable chains can reside
either at inter-lamella amorphous regions or at inter-
lamella-stack regions. In the former, the lamellar long
period would scale with PEOC concentration in the blend.
In this study, however, the SAXS measurements indicate
that PEOC chains reside not at the inter-lamella but mainly
at the inter-lamella-stack region. This suggests the possi-
bility of co-crystallization between PEH and PEOC. Our

group showed that the PEH/PEB blends could co-crystallize
from simultaneous small and wide angle X-ray scattering
[8]. Such co-crystallization should affect the lamellar
structures. The invariant Q indicates the density fluctu-
ations. The value increases with time and PEH concen-
tration because the PEH crystal grows and density
fluctuations enhance with time.

For time-resolved WAXD profiles, the mass fraction of
crystal (crystallinity, X.) can be extracted [7,8]. Fig. 6
represent the time evolution of X. at different PEH
concentration annealing at 113.8 °C. Note that X, in Fig. 6
has been normalized by the concentration of PEH
component in the blends. The X_’s are about 13% for the
PEH, 12% for the H-70, 9% for the H-50 and 8% for the H-
30. The crystallinity depends on PEH concentration with a
very special pattern.

Accordingly, the kinetics of crystallization is expressed
as an Avrami-like curves [24,25]. The phenomenological
Avrami equation can be written as

1 — X.(t) = exp(—k")

where X (f) is the fraction crystallized at time ¢ by
normalizing the X.(f) =1 at the long time limit of
crystallization, k is a constant dependent on nucleation
and growth rates and #n is the Avrami exponent, related to
the type of nucleation and growth geometry. We calculated
Avrami exponents for PEH/PEOC blends listed in Table 1.
It is interesting to notice that the normalized crystallinity
and the Avrami exponent n depend on the PEH concen-
tration at constant quenching depth 67. The Avrami
exponents of PEH and H-70 are 3.5 and 3.0, respectively.
This result suggests that the nucleation geometry is
instantaneous sphere (three-dimensional system) and that
some of the nuclei are born simultaneously while others are
born sporadically, which is consistent with many reports
about polyethylene crystallization [26]. However, the
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Fig. 6. The WAXD normalized crystallinity, X, versus isothermal
crystallization time for H-100 (O), H-70 (@), H-50 (A) and H-30 (H).
The relative standard deviations for X, are less than 1%.
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Table 1
Avrami exponent (n) for H-100, H-70, H-50 and H-30 at 113.8 °C

Sample Avrami exponent (1)
H-100 35
H-70 3.0
H-50 1.8
H-30 1.5

Avrami exponent of H-50 and H-30 are 1.8 and 1.5,
respectively, much smaller than that of H-100 or H-70. In
similar system of PEH/PEB = 50/50, we have observed
both fibril and isolated lamella crystal habits using atomic
force microscopy [5]. Strobl et al. insisted that a crystal-
lization process of branched polyethylene was dendritic
growth due to decreasing the specific internal surface from
their studies of small Avrami exponent [27,28]. However, in
PEH/PEOC blends, the diffusion process of PEOC chain
from the growth front is the dominant effect on decreasing
the Avrami exponent. At dilute PEH concentrations, fewer
PEH chains exist at the growth front of crystallization and
the amorphous PEOC chains are expelled from the growth
front of crystallization. The non-crystallizable PEOC chains
surround the lamellar crystal and they prevent three-
dimensional crystal growing. As a result, the Avrami
exponent decreases with PEOC concentration.

Kelly and Cheng discussed the hierarchy of metastabil-
ities for polymer blends and solutions in various tempera-
ture conditions [29,30]. When quenching a homogeneous
blend into a regime of simultaneous phase separation and
crystallization, the phase separation processes occur first
because the system of two fluids is unstable thermodyna-
mically and the phase separation growth does not require
overcoming the energy barrier. In contrary, LLPS takes
place and grows within a partially crystallized system since
the isothermal crystallization temperature is sufficiently
below T, and then crystal structure and crystallization
kinetics have some effects on LLPS. We have argued about
the competition of two structure formation processes,
crystallization (or spherulite growth) and late state phase
coursing. In the dilute PEH concentration condition crystal-
lized at 113.8 °C, crystallization rate becomes slower;
crystallinity becomes lower as shown in Figs. 5(b) and 6.
These results suggest that PEH chains become harder to
crystallize for penetrating the longer ‘PEH dilute region’. In
particular, PEOC chains prevent PEH crystal from nucleat-
ing and growing. Such prevention by PEOC chain restricts
the dimension of PEH nucleation and growth, and Avrami
exponent (n ~ 1.5) decreases with increasing PEOC
concentration. Metastable structure originated from phase
separation has very quite effects on crystal structure [29,30].
We described that, in the system of such polyolefin blends,
metastable system is a dominant states of all such
transformation processes using time-resolved optical
microscopy and scattering methods.

PEH concentration depends very much on Avrami
exponent and crystallinity in Figs. 5—8 especially in PEH
dilutes case. During the crystal growth, the phase separation
processes continue and does not finish at all. That is to say,
non-crystallizable PEOC chain diffusion process is the
dominant in the nano scale structure different from the
spherulite growth in micron scale structure.

Future studies will further explore the possibility of
improving properties of LLDPE blends by changing the
branching density, side chain length and molecular weights
of LLDPE samples.

4. Conclusions

We have investigated the kinetics of LLPS and crystal-
lization in the blends of PEH and PEOC. Several
techniques, such as phase contrast optical microscopy,
differential scanning calorimetry and time-resolved simul-
taneous SAXS and WAXD, are used to determine the phase
separation boundary and understand the crystallization
kinetics. The UCST of this PEH/PEOC blend is 171 °C.
The phase separation pictures in the PEH/PEOC = 50:50
blend have shown the interconnected bicontinuous struc-
tures, characteristic of spinodal decomposition. The charac-
teristic length increases with annealing time. The
crystallinity and nucleation processes depend on the PEH
concentration. At the dilute PEH concentrations, crystal-
linity and the Avrami exponent decreases with PEOC
concentration because many non-crystallizable PEOC
chains surround lamellar crystal. On the other hand, at the
higher PEH concentrations, the crystallization processes are
similar to pure PEH. For example, the spherulitic growth of
PEH/PEOC = 50:50 sample is similar to that of pure PEH
sample.
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